The present work is concerned with the modelling of buoyancy-modified mixed convection flows, such flows being representative of low-flow-rate flows in the cores of Gas-cooled Reactors. Three different Eddy Viscosity Models (EVMs) are examined using the in-house code, 'CONVERT'. All fluid properties are assumed to be constant and buoyancy is accounted for within the Boussinesq approximation. Comparison is made against experimental measurements and the direct numerical simulations (DNS). The effects of three physical parameters including the heat loading, Reynolds number and pipe length on heat transfer have been examined. It is found that by increasing the heat loading, three thermal-hydraulic regimes of 'early-onset of mixed convection', 'laminarization', and 'recovery' were present. At different Reynolds numbers, the three thermal-hydraulic regimes are also evident. The k-ε model of Launder and Sharma was found to be in the closest agreement with consistently-normalized DNS results for the ratio of mixed-to-forced convection Nusselt number (Nu/Nu 0 ). It was also shown that for the 'laminarization' case, the pipe length should be at least '500×diameter' in order to reach a fullydeveloped solution. In addition, the effects of two numerical parameters namely Buoyancy production and Yap length-scale correction terms have also been investigated and their effects were found to be negligible on heat transfer and friction coefficient in ascending flows.
Introduction
'Mixed' convection flows occur where both the regimes of 'forced' and 'free' convection operate simultaneously and there is a buoyancy-modified forced flow. In mixed convection flows, the effects on heat transfer performance are complex, and forced and free convection influences do not combine in a simple additive manner. Mixed convection is present in a variety of engineering applications including nuclear reactors. In the currently-operating UK fleet Advanced Gas-cooled Reactor (AGR) stations, and also in proposed 'Generation IV' Very High Temperature Reactor (VHTR) designs, the core coolant flows vertically. The coolant in AGRs is carbon dioxide and the principal flow ascends through the core; in VHTRs the coolant is helium and the flow descends. Mixed convection occurs during 'post-trip' decay heat removal, where the heat loading from the fuel elements is relatively large in relation to the low primary coolant flow rate. Under such conditions, in the case of descending flow, heat transfer levels are always enhanced while in the ascending flow case, heat transfer levels may be either impaired (at moderate heat loadings), or enhanced (at very high heat loadings).
The complex phenomena associated with the mixed convection regime are discussed in the monograph of Petukhov and Polyakov [1] and the review papers of Jackson et al. [2] and Jackson [3] .
The effects of buoyancy here is represented by a dimensionless group known as the 'buoyancy parameter', Bo, which was first developed by Hall and Jackson [4] and is written here in the form quoted by Jackson et al. [2] : 
Currently there exists an extensive set of experimental studies of mixed convection in vertical pipes, the majority of which are related to upward flow. Experimental studies of ascending mixed convection air flows have been carried out by Steiner [5] , Carr et al. [6] , Polyakov and Shindin [7] , Vilemas et al. [8] and Shehata and McEligot [9] , amongst others. Easby [10] and Axcell and Hall [11] carried out experiments on descending flow with nitrogen and air, respectively.
In the simulations reported in this paper, the focus is on the DNS of You et al. [12] who conducted a study of turbulent mixed convection in a vertical uniformly-heated pipe for constant property conditions; buoyancy was accounted for using the Boussinesq approximation. Adoption of the Boussinesq approximation framework is attractive from the viewpoint of turbulence model/computer code validation because it permits an examination of buoyancy effects in isolation from other variable property phenomena
Complementing experimental research in the area, numerical simulations of mixed convection flows have been reported by Abdelmeguid and Spalding [13] , Tanaka et al. [14] , Cotton and
Jackson [15] , Richards et al. [16] , Kim et al. [17] , Keshmiri et al. [18] and Billard et al. [19] who have used various forms of two-equation turbulence models. A finding to emerge from the studies taken together was that the 'low-Reynolds-number' model of Launder and Sharma [20] was generally superior to the other variants examined. Other turbulence models including the three-equation closure of Cotton and Ismael [21] and the 'v 2 -f' model of Durbin [22] have also produced satisfactory results when applied to mixed convection flows [17] . In addition, in Keshmiri et al. [23] Large Eddy Simulations (LES) employing the classical Smagorinsky subgrid-scale model were also presented and good agreement with the DNS data was obtained.
In the present work, buoyancy-influenced ascending and descending pipe flows are computed using three eddy viscosity turbulence models: 1) Launder-Sharma model [20] , 'LS model', 2) Cotton-Ismael model [21] , 'CI model' and 3) Craft et al. model [24] , 'Suga model'. While they are all 'low-Reynolds-number' schemes, the CI and Suga closures also incorporate dependence on a 'strain parameter'. The effects of three physical parameters including the heat loading,
Reynolds number and pipe length on heat transfer are examined. Further more, the effects of buoyancy production and Yap length-scale correction terms on heat transfer and friction coefficient in ascending flows are also investigated.
Physical and Numerical Formulation

Mean Flow Equations
The mean flow equations of continuity, momentum and energy are cast in the Boussinesq approximation:
where g i = -g in ascending and g i = +g in descending flows.
where, following standard modelling practice, e.g. Launder and Sharma [20] , the turbulent Prandtl number is set to a constant value, t σ = 0.9.
Eddy-Viscosity Turbulence Models
The three turbulence models to be evaluated in the present study are as follows:
Launder and Sharma k-ε Model -'LS Model'
In the present work, the k-ε model due to Launder and Sharma [20] is adopted as a benchmark against which more recent strategies are assessed. Despite the early appearance of the LS closure it remains one of the more conceptually advanced, and accurate, of a large group of two-equation model variants. The equations of the LS model and other 2-equation EVMs may be written in the following generic form:
where P G and Y are the buoyancy production and Yap length-scale correction terms, respectively (both will be discussed in Section 4.2, below). The other functions and coefficients appearing in the LS k-ε model are summarized in Tables A1 and A2, respectively.
Cotton-Ismael k-ε-S Model -'CI Model'
Cotton and Ismael [21] argued that a fundamental weakness exists in the stress/rate-of-strain relationship of high-Reynolds-number EVMs. Thus, for example, one might consider the constitutive equation of the standard k-ε model [25] : under the influence of simple shear, the structural ratio k uv / − as determined by this model varies linearly with the group (k/ε)∂U/∂y:
where C µ is a constant.
The right hand side of Eq. (8) represents the ratio of the large-scale turbulence timescale, (k/ε) to the mean strain timescale, (∂U/∂y) -1 .
In addition to k and ε, Cotton and Ismael [21] introduced an additional transport equation for a 'strain parameter', S:
where ε has now been replaced by ε (cf. the LS model, above).
The k-equation of the CI model is identical to that of the LS scheme, while the ε-equation differs only in the value assigned to σ ε and the prescription of E ε (f ε is omitted). The functions and coefficients appearing in the CI model are summarized in Tables A1 and A2 , respectively.
Suga k-ε Model -'Suga Model'
In a research effort that proceeded in parallel with the development of the CI model, Craft, Launder and Suga [24] developed a two-equation model in which quadratic and cubic mean strain and vorticity terms were introduced into the constitutive equation. The transport equations for k and ε in the Suga model take the generic forms of Eqs. (6) and (7); model constants and functions are given in Tables A1 and A2 . It is noted that the strain field of the present mixed convection flows approximates simple shear and that the non-linear terms of the Suga model are consequently close to zero. The model does, however, depart significantly from the standard k-ε closure because of the specification of C µ which has a parameterization akin to the f s (S) damping function of the CI model. An additional source term in the Suga model ε-equation which is generally referred to as the 'Yap correction' [24] has been omitted in the present work (the effects of including the Yap term will be discussed in Section 4.2.2 below).
Turbulent Heat Flux Modelling
In order to calculate heat transfer, the energy equation must be closed, i.e. a model for the turbulent heat fluxes are required. In the present work, in order to model the turbulent heat fluxes, θ i u , two methods are used and are briefly described below:
Simple Gradient Diffusion Hypothesis (SGDH)
This approach to modelling the turbulent heat fluxes relies upon the concept of an isotropic turbulent thermal conductivity
where
where the turbulent Prandtl number,
. Combining the above two equations results in
Therefore, the buoyancy production term becomes
It is well known that in a simple shear flow with only wall-normal temperature variations, the heat flux in the streamwise direction is usually significantly larger than in the wall-normal direction. Therefore, in spite of λ t being notionally isotropic, equations of the form of Eq. (10) may lead to a poor approximation to the axial turbulent heat flux since temperature variations are negligible in this direction [15] .
Generalized Gradient Diffusion Hypothesis (GGDH)
This method which was first introduced by Daly and Harlow [26] may provide a better model for P G in comparison to SGDH. In Generalized Gradient Diffusion Hypothesis (GGDH), the turbulent heat flux is modelled as
. Therefore, the buoyancy production term becomes
It has been reported by Cotton [27] that inclusion of P G in the k and ε transport equations has an insignificant effect when modelled in accordance with the SGDH and only a second-order effect when modelled using the GGDH. The effects of including the Buoyancy production term and modelling the turbulent heat flux using both the SGDH and the GGDH are discussed further in Section 4.2.1 below.
Computational Code; CONVERT
The present computations have been performed using an in-house code, known as 'CONVERT' (for Convection in Vertical Tubes). CONVERT was originally developed by Cotton [27] and later extended by a number of researchers; the latest version which is used here is due to Keshmiri [18] . The code is written in the 'thin shear' (or 'boundary layer') approximation. The thin shear equations are of parabolic form and therefore the program is able to 'march' in the streamwise direction. Nusselt number in mixed convection, Nu is normalized by the corresponding forced convection value evaluated at the same Reynolds and Prandtl numbers using a re-optimized form of the Dittus-Boelter equation:
In Fig. 1 Nu/Nu 0 is plotted against the buoyancy parameter, Eq. (1). Present turbulence model results are shown together with the ascending and descending flow DNS data of You et al. [12] and the experimental results of Steiner [5] , Carr et al. [6] and Easby [10] .
In their direct simulations You et al. adopted the Boussinesq approximation and cast the governing equations in fully-developed form. The Reynolds and Prandtl numbers of the seven simulations (one forced convection and six mixed convection) were 5,300 and 0.71. (In the case of ascending flow, three simulations were reported by You et al. [12] , each representing a different thermal-hydraulic regime, see Table 1 
Effects of the Reynolds Number
In this section, effects of varying the Reynolds number on heat transfer and friction coefficient are examined. Six Reynolds numbers are selected in a range between 5,000 and 25,000. At each Reynolds number, the Grashof number was varied (by changing the heat flux) so as to cover all four regimes in to the left of the maximum impairment point).
Effects of the Pipe Length
In this section, mean flow and turbulence profiles for the laminarized regime (case C; Bo = 0.18) obtained at four different streamwise locations are examined. The calculations shown in due to the scale of the y-axis.) Differences are also evident between the Nu-and c fdevelopments which lead to a conclusion that in a buoyancy-influenced flow the relationship between momentum transfer and heat transfer is less direct than in forced convection [17] .
In all the profiles shown in Fig. 3(c)-(f) , it is seen that at x/D = 200 the profiles are quite similar to the profiles obtained for conditions at which buoyancy influence is low e.g. cases (A) and (B). At x/D = 300 and 350, however, the flow begins to laminarize, but it is only at x/D = 500 where the flow can be assumed to be fully-developed i.e. complete laminarization occurs.
From Fig. 3(c) and (d) it is seen that the velocity and temperature profiles at x/D = 350 and 500 are relatively close, however, there are rather large discrepancies in the profiles shown in 
Numerical Parameters
Effects of Buoyancy Production Term
In buoyancy affected problems, the buoyancy production term (P G ) could be added to both k and ε transport equations. The buoyancy production term in accordance with the Boussinesq approximation is defined as
In all the results presented so far, the buoyancy production term was not included in the k-and ε-transport equations. In this section, the effects of including this term when modelled using the Simple Gradient Diffusion Hypothesis (SGDH) and Generalized Gradient Diffusion Hypothesis (GGDH) are examined (see Section 2.3 for a description of the SGDH and GGDH). Fig. 4 shows that the effects of including the buoyancy production term (modelled using both the SGDH and GGDH) are insignificant. The same is true for the friction coefficient (although not shown here).
Furthermore, distribution of the buoyancy production term (P G ) for all four thermal-hydraulic regimes using the GGDH and SGDH are shown in Fig. 5(a) and (b) , respectively. Also shown in Fig. 5(a) are the DNS data of You et al. [12] . From the DNS data, it is evident that for cases (A) and (B), the effect of buoyancy production term is negligible, while in laminarized and recovery conditions (cases C and D) the effect of P G becomes more significant. The buoyancy production term modelled using the GGDH returns values that are comparable with the DNS data, although the production levels are under-predicted for cases (C) and (D). However, as shown in Fig. 5(b) when the turbulent heat flux is modelled using the SGDH, the magnitudes of the buoyancy production term become nearly three orders of magnitude smaller compared to the DNS data. In addition, in contrast to the DNS data, in Fig. 5 (b) the maximum value of buoyancy production occur at the pipe centre-line (y/R = 1). As was discussed earlier in Section 2.3.1, the SGDH results in a poor approximation of θ u since temperature variations are negligible in the streamwise direction.
Effects of Yap Term
In some buoyancy-affected problems such as turbulent flows in cavities, the results were found to be improved by including an additional source term to the ε-transport equation [28] .
This source term which acts as a length-scale correction term, is known as the 'Yap term' [29] and is defined as
where l = k 3/2 / ε and l e = 2.55 y.
Note that the Yap term has not been included in the calculations presented so far. At this part of the study, a series of computations were carried out for an ascending flow for a range of buoyancy parameter using the LS model with the Yap term included in the ε-equation. Although the results are not shown here for the sake of brevity, it was found that in ascending mixed convection flows, including the Yap term has no effects on heat transfer and friction coefficient.
Generally, the Yap term becomes active when the predicted turbulent length-scale exceeds the equilibrium length-scale which is not the case in an ascending flow problem. In fact, Cotton and
Jackson [15] carried out a test on the ascending flow 'Run N13' of Carr et al. [6] and found that
Nu changed by only 0.3% in response to inclusion of the Yap term. Including the Yap term for descending flow computations, however, produces marked improvement in the degree of accord with the data due to limitations of the modelling of the ε-equation in the LS model [15] .
Conclusions
Ascending and descending turbulent mixed convection pipe flows have been computed using the Launder-Sharma ('LS'), Cotton-Ismael ('CI') and Craft-Launder-Suga ('Suga') turbulence models. The effects of three physical parameters including the heat loading, Reynolds number and pipe length on heat transfer have been examined. In an ascending flow, it was found that by increasing the heat loading, three thermal-hydraulic regimes of 'early-onset of mixed convection', 'laminarization' and 'recovery' were present. Comparison with the DNS data of You et al. [12] showed that the LS model best captures the three thermal-hydraulic regimes in an ascending flow, which were also found to exist for a wide range of Reynolds number (Re = 5,000 -30,000). It was shown that the original definition of Bo (Eq. (1)) results in collapsing curves of Nu/Nu 0 obtained at different Re in recovery region i.e. Bo > 0.25. It is, however, unable to produce a satisfactory collapse of the family of curves at lower levels of buoyancy influence.
In addition, mean flow and turbulence profiles at four different streamwise locations (x/D = 200, 300, 350 and 500) were compared for the laminarized case using the LS model. Wide variations were found between the profiles and it was shown that for this case, the pipe length should be at least 500D in order to reach a fully-developed solution.
Finally, with regard to numerical parameters, the effects of including the buoyancy production term (when modelled using SGDH and GGDH) and Yap length-scale correction term were examined and they found to have negligible effects on the heat transfer and friction coefficient results in an ascending flow problem.
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